1. Introduction {#sec1}
===============

Phytoextraction is based on the use of pollutant-accumulating plants for trace element removal from soils by concentrating them in the harvestable parts ([@bib139]). An ideal plant for trace element phytoextraction should possess the following characteristics: (a) tolerance to the trace element concentrations accumulated, (b) fast growth and highly effective trace element accumulating biomass, (c) accumulation of trace elements in the above ground parts, (d) easy to harvest ([@bib159]).

A typical trace element phytoextraction protocol consists of the following steps: (a) cultivation of the appropriate plant/crop species on the contaminated soil; (b) removal of harvestable trace element-enriched biomass from the site; and (c) post harvest treatments (*i.e.* composting, compacting, thermal treatments) to reduce volume and/or weight of biomass for disposal as a hazardous waste, or for its recycling to reclaim the elements that may have an economic value. If cost is the main advantage, time is the greatest disadvantage of trace element phytoextraction ([@bib159]). It is known that this process is not fast, but (to be realistic for the practical purpose) time should preferably not exceed 10 years or be even shorter ([@bib135]; [@bib20]). It is clear that there is a need for improvement of the natural phytoextraction potential and several studies have addressed this problem ([@bib161]; [@bib170; @bib171]). The success of phytoextraction depends on several factors including trace element availability to the roots and the ability of the plant to intercept, take up, and accumulate trace elements in shoots ([@bib49]). The two main bottle-necks indeed are trace element availability in the soil and trace element uptake and translocation by the plants.

At present, there are three basic strategies of trace element phytoextraction being developed ([@bib159]): (1) continuous or natural phytoextraction using hyperaccumulators (*e.g.*, *Thlaspi* spp., *Alyssum* spp.); (2) continuous or natural phytoextraction using fast-growing high biomass producing plants (*e.g.*, *Salix* or *Populus* sp.); (3) induced or chemically-assisted phytoextraction introducing soil amendments (*e.g.*, metal chelators or acidifying amendments) to increase trace element mobility in the soil.

Metalliferous plants are able to grow on trace element enriched soils and rocks without any symptoms of toxicity. In an evolutionary perspective, trace element enriched soils might be considered as "ecological islands" ([@bib96]), inhabited by particular, often endemic, taxa. Regarding their behaviour towards the transfer of trace elements from soil to plant tissue, the metalliferous plants may be divided into three groups: excluders, indicators and (hyper)accumulators ([@bib9]; [@bib10]). Trace element-tolerant excluders are able to grow on metalliferous soils without distinct bioaccumulation of the trace elements. The trace elements are mainly excluded from uptake into plant tissues and trace element concentrations in the shoots are lower than in the roots. Indicator plants "mirror" the soil trace element concentration in their shoots. Hyperaccumulator plants are able to accumulate large amounts of trace elements in their aerial tissues without showing any symptoms of toxicity. Plants accumulating \>100 mg kg^−1^ of Cd, \>1000 mg kg^−1^ of Cu, Co, Cr, Ni or Pb, or \>10,000 mg kg^−1^ of Mn or Zn have been defined as hyperaccumulator species ([@bib10]). An extended definition was provided by [@bib12], who claimed that the shoot/root or leaf/root ratio has to be \>1, indicating a clear translocation of trace elements to the shoots. More than 400 plant species have been identified as hyperaccumulators, of which 75% are Ni hyperaccumulators growing on ultramafic soils ([@bib11]). Hyperaccumulation of trace elements is found throughout the whole plant kingdom in temperate as well as tropical climates, but is typically restricted to endemic species growing on mineralized soils and related rock types. The most important types of metalliferous soils hosting hyperaccumulator plants are (1) serpentine soils (enriched in Ni, Cr, Co), (2) "calamine" soils (enriched in Zn, Cd, Pb), (3) Se-rich soils and (4) Cu- and Co-containing soils ([@bib133]). Related to the soil habitat, the hyperaccumulators are classified into accumulators of (1) Ni, (2) Zn, Cd, Pb, (3) Se, (4) Co, Cu and (5) other elements (Al, As, Cr, Mn, Tl) ([@bib133]).

Trace element tolerance mechanisms were reviewed by [@bib141] and by [@bib35]. Briefly, the simplest trace element tolerance strategy, termed "avoidance", consists in limited uptake into the plant body. However, a clear evidence for this mechanism was only found for some arsenite-tolerant plants. In most trace element-tolerant higher plants, trace elements are strongly retained in root tissues. Regardless of whether trace elements are mainly accumulated in roots or in shoots, internal tolerance mechanisms are the basis for efficient detoxification of the trace elements. This internal detoxification is based on (i) sequestration of the trace elements, *i.e.* transport to cell components not involved in physiological processes (vacuole, cell wall), and (ii) complexation with metal-binding peptides, *i.e.* metallothioneins and phytochelatins.

Excessive trace element uptake by hyperaccumulators has been found to be associated with partial depletion of labile, easily bio-accessible trace element pools in the rhizosphere (*e.g.*, [@bib52]; [@bib69]; [@bib122; @bib123]; [@bib172; @bib173]) and active root proliferation towards contaminated soil areas ([@bib142]). Depletion of labile trace element pools in the rhizosphere of hyperaccumulator plants often has been found to be associated with sustained or even enhanced solubility (*i.e.* soil solution concentration; *e.g.*, [@bib169]). [@bib123] found evidence for enhanced dissolution of Ni-bearing silicates in the rhizosphere of the Ni hyperaccumulator *Thlaspi goesingense*, likely induced by root exudates (*e.g.*, low molecular weight organic acids). Mineralogical studies showed the presence of smectite in the rhizosphere of the Ni-hyperaccumulator *Alyssum serpyllifolium* subsp. *lusitanicum*, which was associated with a more intense weathering of Ni-rich ferromagnesium minerals (chlorite, serpentine) and an increase in labile Ni ([@bib86]). Arsenic mobilization by root exudates (in particular oxalic acid) of the As hyperaccumulating fern *Pteris vittata* was found by [@bib157].

Despite the long history of interest in metalliferous plants, the attention of microbiologists towards bacteria and in particular plant-associated bacteria from trace element enriched habitats is more recent ([@bib115]). A better understanding of the growth-promoting mechanisms of bacteria from trace element enriched environments and their natural capacity to cope with these contaminants could be exploited for a sustainable growth of crops, biomass for biofuel production, and feedstocks for industrial processes on trace element contaminated land ([@bib130]; [@bib170; @bib171]). Furthermore, plant-associated bacteria can be exploited to improve the efficiency of phytoremediation processes ([@bib88; @bib89]; [@bib144]; [@bib147; @bib148]; [@bib160]; [@bib170; @bib171]; [@bib60]).

This review will concentrate on how plant-associated bacteria can contribute to improve trace element uptake by plants and thus the efficiency and rate of phytoextraction. Three specific mechanisms of how microorganisms may increase plant trace element uptake have been suggested: they may (1) increase root surface area and hair production, (2) increase element availability, and/or (3) increase soluble element transfer from the rhizosphere to the plant ([@bib170]). Further, an increased biomass production can enhance the efficiency of trace element phytoextraction. Attention will be paid both to hyperaccumulating metalliferous plants and fast-growing high biomass producing plants.

2. Plant-associated microbial communities under elevated trace element exposure {#sec2}
===============================================================================

Plant--microbe interactions in relation to trace elements have been mostly addressed in the context of phytoremediation. For phytoremediation applications, (hyper)accumulating plant species are of interest as well as plants which produce high biomass and tolerate trace elements to a certain degree. A plant with high biomass production and application potential is *Phragmites*, which accumulates trace elements in moderate amounts. The various mechanisms how microorganisms may interact with plants in relation to trace elements accumulation or resistance are summarized in [Fig. 1](#fig1){ref-type="fig"}.

[@bib93] compared the characteristics of bacterial communities in the rhizosphere of *Phragmites* with those of non-rhizosphere soil in a highly Cu-contaminated area near a copper mine in Japan. Higher bacterial numbers were detected in the rhizosphere, which may be due to the lower Cu concentrations and/or due to the availability of root exudates, that can serve as a carbon source for bacteria. Nevertheless, the percentage of highly resistant strains was higher in the rhizosphere than in non-rhizosphere soil. Cu toxicity was found to be lower in rhizosphere soil. The study by [@bib93] also indicated that Cu toxicity lowered the frequency of r-strategists (bacteria capable of rapid growth and utilization of resources) as these are more sensitive to toxic substances ([@bib87]). In addition, rhizosphere and non-rhizosphere isolates behaved very differently regarding exopolymer production ([@bib93]). Exopolymers produced by bacteria were shown to strongly bind trace elements ([@bib19]), leading to the formation of organic--metal complexes, which are difficult to degrade ([@bib53]; [@bib70]; [@bib76]). Furthermore, trace element concentrations induced the production of exopolymers ([@bib27]; [@bib85]) and trace element resistance due to exopolymer production has been shown ([@bib19]).

Most studies have been performed with either Zn or Ni-hyperaccumulating plants. Already in 1991 Schlegel and co-authors detected higher numbers of tolerant bacteria in the rhizosphere of Ni accumulating plants. Similarly, [@bib77] identified a high number of different Ni-resistant bacteria in the rhizosphere of the Ni-hyperaccumulator *T. goesingense*. Cultivation of bacteria on Ni-containing medium resulted mostly in the isolation of *Methylobacterium* spp., an alphaproteobacterial genus, as well as *Rhodococcus* spp. and *Okibacterium* spp., belonging to the *Actinobacteria* (or Gram-positive bacteria with a high G + C content) ([@bib77]). Different communities were identified in the rhizosphere or in the root vicinity of other Ni-hyperaccumulators, like *Alyssum bertolonii* ([@bib112]). [@bib112] sampled rhizosphere as well as bulk soil at three serpentine sites and Ni-resistant strains were isolated. In the rhizosphere the cultivable population was dominated by Ni-resistant *Pseudomonas* strains, whereas in soil samples mostly Ni-resistant *Streptomyces* strains were found. In general, isolates obtained in this study showed co-resistance to Cr and Co, although other tolerance combinations (*e.g.*, Ni, Zn and Cu) or single tolerances were also found, indicating independent evolution of heavy trace element resistance determinants ([@bib112]). [@bib16] also found a higher proportion of Ni-tolerant bacteria in the rhizosphere of two populations of the Ni-hyperaccumulator *A. serpyllifolium* subsp. *lusitanicum* compared to non-hyperaccumulators growing at the same site or to non-vegetated soil. Densities of Ni-resistant rhizobacteria were positively correlated with water-soluble Ni concentrations. [@bib17] isolated and characterized Ni-resistant rhizosphere bacteria from two Ni-hyperaccumulating subspecies of *A. serpyllifolium* (subsp. *lusitanicum* and subsp. *malacitanum*). The most Ni-resistant bacteria (tolerating up to 10 mM Ni in plate assays) were mainly represented by members of the genera *Arthrobacter* spp. and *Streptomyces* spp. [@bib89] isolated and characterized Zn-resistant endophytes and rhizosphere bacteria of Zn-accumulating willows (*Salix caprea*). A high number of bradyrhizobia, various *Betaproteobacteria*, *Actinobacteria* and members of the *Bacteroidetes/Chlorobi* group were found in the rhizosphere, whereas endophytes comprised mostly *Sphingomonas* spp., *Methylobacterium* spp. and various *Actinobacteria*. With regard to Cu-contaminated soil, [@bib92] reported a dominance of Cu-resistant *Bacillus* spp. in the rhizosphere of *Phragmites*, whereas non-rhizosphere soil was dominated by *Methylobacterium* spp.

Cultivation-independent 16S rRNA gene-based community analysis has become state-of-the-art to address questions of microbial diversity and population changes. Mostly, community analysis is performed with DNA, which does not give any information on the activity of cells, and even dead cells may be detected insofar as their DNA has not been destroyed by nuclease activity. One approach to detect metabolically active cells rather than resting or dormant cells is to base community analysis on isolated rRNA instead of DNA as active cells usually contain a far higher amount of ribosomes. This approach was used by [@bib64] to characterize microbial communities in Zn-contaminated bulk soil and in the rhizosphere of the Zn-hyperaccumulator *Thlaspi caerulescens*. Active populations included mostly members of the *Rubrobacteria* subdivision, belonging to the high G + C Gram-positives. Active bacteria were only a minor part of the "DNA-based" communities ([@bib64]). Cultivation-independent analysis confirmed the high abundance of *Proteobacteria* in the rhizosphere of *A. bertolonii* ([@bib113]). [@bib113] also showed that the plant had a more pronounced effect on rhizosphere microbial communities than the soil environment. In a later study, [@bib114] used terminal-restriction fragment length polymorphism (T-RFLP) to study the leaf-associated bacterial communities of the same hyperaccumulator, and found a high plant-by-plant variability, even from the same population. These authors highlighted the large reservoir of biodiversity that these plant-associated bacterial communities offer.

In addition to the rhizosphere, endophyte populations inhabiting accumulating plants were investigated. The Ni hyperaccumulator *T. goesingense* hosted a range of different *Methylobacterium* strains, mostly belonging to the *M. extorquens* and *M. mesophilicum* ([@bib77]). In addition, one strain was isolated, characterized and described as a novel species, *Methylobacterium goesingense* ([@bib78]). *Methylobacterium* strains in the rhizosphere and inside plants belonged to the same species, but consisted of different strains indicating that these plant habitats provide different conditions for bacteria ([@bib77]). Most strains were highly resistant to Ni, but were also shown to be resistant against different combinations of trace elements, indicating the independent evolution of resistance traits. Despite the fact that trace element determinants are frequently located on plasmids, horizontal transfer of plasmids between *Methylobacterium* spp. isolated from *T. goesingense* shoots and rhizosphere was found to be unlikely ([@bib78]). Similar to the findings for *T. goesingense*, a large number of trace element tolerating methylobacteria were also isolated from shoots of the Zn-hyperaccumulator *Thlaspi caerulescens*, but they were not found in association with roots ([@bib101]). *T. goesingense* endophytes were also investigated by cultivation-independent approaches revealing a high diversity ([@bib77]). The cultivable endophytic community of *A. bertolonii* was predominantly represented by taxa related to the genera *Staphylococcus*, *Curtobacterium*, *Bacillus*, and *Microbacterium*, while the contribution to diversity from *Proteobacteria* (mainly *Pseudomonas*) was less important ([@bib14]). In contrast, cultivation-independent analysis indicated a dominance of *Alpha*- and *Gammaproteobacteria* in the leaf-associated community of *A. bertolonii* from three serpentine outcrops in Central Italy ([@bib114]). These results confirm that cultivable and culture-independent methods capture distinct "windows" of bacterial diversity and can give complementary information.

Bacteria belonging to all major bacterial phyla could be found, including *Acidobacteria*. The phylum *Holophaga/Acidobacterium* has been found to be dominant in many soils world-wide (*e.g.*, [@bib143]) and acidobacteria may also colonize the rhizosphere (*e.g.*, [@bib77]; [@bib113]). However, usually these bacteria do not colonize the apoplast of plants. In the highly toxic environment represented by the apoplast of a Ni-hyperaccumulating plant, the diversity of endophytes was higher ([@bib77]) than that which is usually observed among endophytes from other plants (*e.g.*, [@bib131]; [@bib134]). [@bib101] compared root and rhizoplane isolates with endophytes isolated from *Thlaspi caerulescens* shoots. Similar species were found in both compartments. However, shoot endophytes showed higher resistance to Zn and Cd than strains isolated from roots and rhizoplane. Most isolates from the Zn-hyperaccumulators were affiliated to the genera *Methylobacterium* and *Sphingomonas*, which were also found to be represented in high numbers in shoots of the Ni-hyperaccumulator *T. goesingense* ([@bib77]) as well as in Zn accumulating willows ([@bib89]). Endophytic bacteria isolated from both the root and shoot tissues of the Cd/Zn-hyperaccumulator *Sedum alfredii* were closely related to *Pseudomonas*, *Bacillus*, *Stenotrophomonas* and *Acinetobacter* ([@bib102]). Apart from showing a high resistance to Zn and Cd, some endophytic isolates were also able to effectively solubilize ZnCO~3~ and Zn(PO~4~)~2~ ([@bib102]). In this case, endophytic bacteria isolated from the leaves and roots showed a higher resistance to metals (Zn and Cd) than those isolated from the stems. Members belonging to the genera *Bacillus* were also predominant among Cu-resistant-endophytic bacteria of the Cu-accumulator *Elsholtzia splendens* ([@bib154]).

3. Mechanisms involved in trace element mobilization by microbes {#sec3}
================================================================

Microbial influence on trace element speciation and mobility is an important component of biogeochemical cycles of trace elements. Processes such as chemical transformation, chelation and protonation will lead to mobilization of trace elements, whereas precipitation or sorption decrease trace element availability. The influence of bacterial and fungal activity on trace element mobility and its use for bioremediation has been reviewed by [@bib54]. This review summarizes the current knowledge on potential mechanisms of trace element mobilization by rhizosphere bacteria.

Sorbed, precipitated and occluded trace elements can be solubilized by acidification, chelation and ligand-induced dissolution. Upon soil acidification protons replace trace element cations at sorption sites and dissolve trace element containing minerals such as phosphates. Bacteria can acidify their environment by the export of protons for maintenance of charge balance. Upon chelation, organic chelator compounds scavenge trace element ions from sorption sites and mineral lattices and protect them from resorption ([@bib54]). To date two groups of bacterially produced natural chelators are known. These are carboxylic acid anions and siderophores.

3.1. Carboxylic acid anions {#sec3.1}
---------------------------

Among a large variety of C compounds, oxalate, malate, and citrate are some of the most important organic acids identified in root and microbial exudates ([@bib83]; [@bib48]). As the *pKa*~1~ values of most carboxylates are below 3.5 and the cytosolic pH of root cells typically ranges from 7.1 to 7.5, carboxylic acids are typically present in soil solution as fully or partially dissociated anions ([@bib137]). In plant cells, complexation with carboxylic acids, particularly malate, citrate but also with the basic amino acid histidine is a mechanism of trace element detoxification ([@bib94]; [@bib140]). Bacteria producing trace element-chelating organic acids, such as citric, oxalic or acetic acid have been shown to mobilize various trace elements in soil ([@bib98]). Li and coworkers also demonstrated that the release of carboxylic acids from bacterial cells was stimulated by the presence of trace elements. Acid-producing rhizosphere bacteria have been intensely studied, regarding their plant growth-promoting capacity of releasing phosphorus from insoluble trace element phosphates. Therefore, they are often referred to as phosphate solubilizers ([@bib66]; [@bib116]). Increased trace element uptake in various plants after inoculation with acid producers or phosphate solubilizers has been reported ([@bib107]). Recently, it has been demonstrated that oxalic acid is involved in the solubilization of Ni from serpentine rocks (Becerra-Castro et al., Unpublished).

3.2. Bacterial siderophores {#sec3.2}
---------------------------

Siderophore "iron carriers" are iron-chelating secondary metabolites, which various organisms release under iron-limiting conditions. Iron-limiting habitats for bacteria are soil, seawater, plants and animal hosts. In seawater the concentration of iron is generally low, whereas in soil iron bioavailability is low, as iron prevails in insoluble Fe(III)-hydroxides at neutral pH. In plants and animals iron is transported and stored in complexes with high affinity ligands. Therefore, siderophore production is widespread among bacteria and siderophores are perhaps the most common bacterial secondary metabolites. Five hundred different bacterial siderophores have been described, with molecular sizes varying between 500 and 1500 Da. Siderophores can derive from several biosynthetic pathway types and are diverse in molecular structure ([@bib13]). Many siderophores are relatively stable biomolecules, protected from environmental peptidases and lytic enzymes, by alternating composition of [d]{.smallcaps}- and [l]{.smallcaps}-amino acids. Their ability to form high affinity complexes with Fe(III) relies on bidentate functional groups with negatively charged oxygens. These are in most cases catecholate, hydroxamate or alpha-hydroxycarboxylate groups.

Siderophores are secreted and Fe(III)-siderophore complexes are recognized and scavenged from the environment by membrane receptor proteins. They are too large to pass membrane porins. In gram-negative bacteria, transport through the cytoplasmatic membrane is mediated by ABC-transporters and the TonB protein transfers the necessary metabolic energy from the cytoplasmatic to the outer membrane. In gram-positive bacteria this process is less understood, and they lack TonB. Many bacteria produce more than one siderophore, and different molecules could be produced under different conditions.

All siderophores possess higher affinity for Fe(III) than for Fe(II) or any other trace element ion. However, complexes of lower stability are also formed with other trace elements ([@bib73]; [@bib74]). Divalent cations (*e.g.*, Fe^2+^, Zn^2+^, Cu^2+^, Cd^2+^) form less stable complexes due to their reduced charge density (charge/size ratio). Addition of trace elements to bacterial cultures induces siderophore synthesis and leads to the formation of siderophore--metal complexes ([@bib43; @bib44; @bib45]). Extracellular complexation by siderophores is considered to be a mechanism of bacterial trace element resistance ([@bib118]; [@bib160]). Siderophore-bound divalent trace elements cannot compete for membrane passage with nutrient cations and are likely not recognized by siderophore receptors due to conformational mismatching ([@bib62]). Siderophore synthesis was shown to simultaneously increase iron uptake and to reduce Cd uptake in *Streptomycetes* ([@bib45]). In contrast, siderophore-mediated uptake of trivalent trace element cations (Al^3+^) has been demonstrated in iron-depleted cultures of *Bacillus megaterium* ([@bib75]) and *Pseudomonas aeruginosa* ([@bib62]). Synthesis of several siderophores varying in trace element affinity, preferences and inductivity may convey competitive advantage in trace element contaminated environments ([@bib45]).

Siderophore-producing bacteria have been shown to enhance chlorophyll content and growth of various crop plants in contaminated soil by selectively supporting iron uptake from the pool of trace element cations competing for import ([@bib24; @bib25]; [@bib45]). Moreover complexation of trace elements by bacterial siderophores in the rhizosphere likely prevents generation of free radicals and oxidative stress. [@bib43] have employed siderophore-containing filtrates of *Streptomycetes* cultures as natural biodegradable chelators instead of synthetic compounds for chelator-assisted phytoextraction. This strategy bears certain advantages over inoculation with living cells, as it does not require establishment of a population in the rhizosphere, does not raise biosafety issues and guarantees siderophore synthesis under controlled conditions. Culture filtrate treatments improved iron uptake and growth in all experiments conducted by [@bib43; @bib45]), suggesting that the siderophores produced by these *Streptomycetes* are sufficiently stable for application as biochelators. In addition the culture filtrates partly enhanced trace element uptake ([@bib45]). There are still conflicting theories, whether complexation by bacterial siderophores makes trace elements more or less available for plants ([@bib1]; [@bib58]; [@bib160]). Inoculation of plants with siderophore producing bacteria has been observed to both promote and reduce heavy metal uptake, depending on the combination of plant, bacterium and metal ([@bib107]).

3.3. Other bacterial trace element chelators {#sec3.3}
--------------------------------------------

There is little information about bacterially produced trace element ligands else than carboxylic acids and siderophores. Certain nitrogen-fixing bacteria produce molybdate binding tetradentate catecholates, which also function as siderophores ([@bib74]). The pigment melanin, which is produced by many fungi and *Streptomycetes* can bind trace elements to its carboxylic groups and was shown to be involved in trace element sorption and trace element tolerance of *S. scabies* ([@bib68]). Molecular structures and functional groups of many antibiotics and other bacterial secondary metabolites suggest a potential to complex trace elements ([@bib61]). In trace element tolerant bacteria the addition of trace elements to culture media can trigger synthesis of various secondary metabolites ([@bib67]; [@bib152]). [@bib67] postulated that many metabolites induced upon trace element stress may be involved in trace element detoxification by chelation. In addition to secondary metabolites, proteins such as phytochelatins, metallothioneins and metallohistins may play a role in trace element complexation in the rhizosphere. They are small and cysteine- and or histidine-rich proteins with high affinity to trace element cations, which plants synthesize in response to trace element stress. Phytochelatins, metallothioneins and metallohistins are also produced by certain bacteria, with particularly high occurrence in *Actinomycetes* from metalliferous environments ([@bib54]; [@bib68]).

4. Effect of microbially induced plant growth promotion and metal extraction capacity of plants {#sec4}
===============================================================================================

Trace element-resistant microorganisms can enhance plant establishment and growth under the stress conditions of toxic trace element concentrations. Plant growth-promoting bacteria (PGPB) (such as phosphate and potassium solubilisers, the free living N~2~-fixing bacteria, rhizobia etc.) and fungi such as arbuscular mycorrhizal fungi (AMF) have been shown to have beneficial effects. Most studies attribute a stimulation in plant growth and biomass to the production of phytohormones (such as indoleacetic acid, IAA), suppression of stress ethylene production (due to ACC deaminase activity), or improvement in plant nutritive status due to the presence of N~2~ fixers, PO~4~-solubilisers, or siderophore-producers. Plant growth promotion plays a major role in the extraction and removal of trace elements since a simple improvement in biomass results in an increase in the overall trace element yield (phytoextracted trace elements). Numerous studies have isolated and characterized rhizosphere or endophytic bacteria associated with trace element-tolerant or trace element-(hyper)accumulating plants as a means of identifying interesting strains for phytoextraction purposes. Most of these strains were characterized for plant growth promotion traits and when the host plants were re-inoculated plant growth was frequently improved. Examples of microbial-induced plant growth promotion in a phytoextraction context can be found in crop plants, hyperaccumulators and woody tree species. In addition to plant growth promotion, bacteria were reported to have a beneficial effect on plant stress tolerance. This may be achieved by the enzyme ACC deaminase leading to a reduction of stress-induced ethylene levels in the plant ([@bib24; @bib25]; [@bib59]). This stimulation in plant tolerance and growth is often concomitant with above-mentioned microbial-induced improvement in plant nutritive status ([@bib57]; [@bib107]). Bacterial siderophores can indirectly alleviate trace element toxicity by supplying the plant with iron and eliminating iron deficiency ([@bib24; @bib25]). However, in many studies no clear connection was found between the microbial strain\'s PGP traits (determined *in vitro*) and the observed growth enhancement ([@bib18]; [@bib26]; [@bib103]).

Enhanced plant growth and biomass production has been observed in several hyperaccumulating plants after inoculating with rhizosphere or endophytic bacterial strains ([@bib1; @bib2]; [@bib26]; [@bib57]; [@bib97]; [@bib173]). [@bib176] reported that a *Bacillus subtilis* strain was able to promote the growth of *Brassica juncea* and thereby increased Ni accumulation. The strain was shown to produce IAA, which might have been responsible for plant growth promotion. Similarly, a Cr^6+^-resistant *Pseudomonas* strain producing IAA was able to promote growth of *B. juncea* and thereby increased trace element extraction ([@bib126]). In that study a *Bacillus* sp. strain, which did not produce IAA, was also able to increase plant growth and to enhance Cr^6+^-extraction, although to a lower extent. Similarly, [@bib39] observed IAA, ACC deaminase and siderophore producing rhizosphere isolates to promote growth of *Brassica napus* in presence of cadmium. [@bib110] found that the inoculation of *Nicotiana tabacum* with Cd-resistant seed endophyte *Sanguibacter* sp. S_d2 increased shoot Cd concentrations compared to non-inoculated plants. The AMF *Glomus intraradices* was shown to enhance growth of *Helianthus annuus*, and as a result also the total Ni extracted in certain soil treatments ([@bib84]). The AM colonization also significantly increased the activity of glutamine synthetase, indicating an enhanced Ni tolerance.

Enhanced plant growth and biomass production has been observed in several hyperaccumulating plants after inoculating with rhizosphere or endophytic bacterial strains. Examples in the literature can be found for As-, Cd/Zn-, or Ni-hyperaccumulators ([@bib1; @bib2]; [@bib26]; [@bib57]; [@bib97]; [@bib173]). [@bib80] reported the importance of rhizobacteria for the biomass production of silverback fern (*Pityrogramma calomelanos*) on arsenic contaminated soil. Higher biomass production correlated with enhanced remediation. The effect of rhizosphere bacteria on Zn accumulation by a hyperaccumulator (*Thlaspi caerulescens*) and a non-accumulator (*Thlaspi arvense*) was compared ([@bib173]). The authors could show that the rhizosphere microflora facilitated biomass production and Zn uptake of the hyperaccumulator, whereas *T. arvense* was not affected. Interestingly, the rhizosphere of *T. caerulescens* hosted higher bacterial numbers than that of *T. arvense*. Data suggested that the bacteria enhanced the availability of water-soluble Zn in the soil, which overcame a major rate-limiting step for Zn uptake by *T. caerulescens* in soils with low concentrations of labile Zn ([@bib173]). In both hydroponically- and soil-grown plants, inoculating the Cd/Zn-hyperaccumulator *S. alfredii* with trace element-tolerant rhizobacterial strains belonging to the genera *Burkholderia* improved plant trace element tolerance, biomass production and Cd (and Zn) uptake and extraction ([@bib65]; [@bib97]). In some cases, plant P content was improved as well as translocation of Cd and Zn from the root to shoot. The Ni hyperaccumulator *A. serpyllifolium* subsp. *lusitanicum* grown in ultramafic soil showed a significantly higher shoot Ni concentration and improved root to shoot Ni transport after inoculation with a Ni-resistant rhizosphere bacteria *Arthrobacter nitroguajacolicus* ([@bib26]). [@bib1; @bib2] similarly considered rhizobacteria as highly important for the mobilization of nickel in soil and for its uptake by the hyperaccumulating plant *Alyssum murale.*

Hyperaccumulators were frequently considered non-mycorrhizal until relatively recently. *Berkheya coddii* was one of the first hyperaccumulating plants in which arbuscular mycorrhizal symbiosis was reported ([@bib158]). Since then several hyperaccumulators have been shown to form symbiosis with AMF, and AM colonization enhanced plant growth and tolerance to trace elements. A stimulation in the biomass of *B. coddii* led to a higher total Ni content (and hence extraction) in mycorrhizal plants ([@bib119]). Likewise, inoculation of the As-hyperaccumulating fern *Pteris vittata* with indigenous AM fungi resulted in the increase of dry mass and As uptake ([@bib3]).

Trace element-accumulating trees such as *Salix* can be ideal phytoextractors due to their high biomass and massive root system. [@bib88] revealed a positive effect of rhizosphere bacteria on accumulated trace element contents in willows (*Salix caprea*). Microbial inoculants increased Cd and Zn translocation factors from roots to leaves of *Salix caprea* grown in a moderately contaminated soil ([@bib40]). Total Cd extraction by *Populus canadensis* was significantly increased when in association with the ectomycorrhizal fungus *Paxillus involutus* ([@bib145]). Rhizosphere bacterial strains did not affect Cd and Zn accumulation in the leaves of *Salix viminalis* but the microbial-induced increase in biomass production resulted in an increase in the total trace element phytoextracted ([@bib18]).

Most studies evaluated the effects of re-inoculating host plants with their associated isolated strains ([@bib1; @bib2]; [@bib26]; [@bib57]; [@bib97]). The specificity of these plant-microbial combinations is unclear. For example, rhizosphere bacteria originally isolated from hyperaccumulating plants have been shown to promote growth of diverse plant species (in many cases belonging to distinct botanical groups). The Ni-resistant PGPB strain *Psychrobacter* sp. SRS8 originally isolated from the rhizosphere of the Ni-hyperaccumulator *A. serpyllifolium* was found to effectively promote the growth and phytoextraction potential of the energy crops *Ricinus communis* and *Helianthus annuus* in artificially Ni-contaminated soils ([@bib107]). [@bib63] found the effect of bacterial strains on the biomass of *Atriplex lentiformis* and *Buchloe dactyloides* was both plant- and substrate-dependent. [@bib18] evaluated the influence of fourteen strains of Cd/Zn-resistant rhizosphere bacteria (isolated from *Gramineae* and woody trees/shrubs) on growth and trace element accumulation of *Festuca pratensis* and *Salix viminalis*. While almost all strains promoted growth of the grass, the majority of strains had a negative effect on *Salix*, and only five strains (identified as *Massilia* sp., *Pseudomonas* sp., *Rhodococcus* sp. and *Streptomyces* sp.) had a positive effect on both plant species. In contrast, [@bib173] could show that the rhizosphere microflora facilitated biomass production and Zn uptake of the hyperaccumulator *T. caerulescens*, whereas the non-accumulator *T. arvense* was not affected. These studies highlight the complex nature of these plant-microbial interactions, and need to optimize the soil-plant-microbial system on a site-by-site basis. Many factors will need to be taken into consideration and effects will depend on the plant species, soil properties and trace element concentration, as well as the microbial species and strains used. However, given the diversity of soil, rhizosphere, and endophytic trace element-tolerant microorganisms the opportunity to find beneficial plant-microbial partnerships is considerable.

5. Effect of microbially induced trace element plant-availability and metal-extraction capacity by plants {#sec5}
=========================================================================================================

As shown above, in many cases, trace element extraction was increased due to the enhancement in shoot biomass production. On the other hand, microorganisms have also been shown to influence the bioavailability of trace elements. Plants exude organic compounds into the rhizosphere supporting the growth and metabolic activities of plant-associated microorganisms. Microbial processes and metabolites can, like plants, strongly affect trace element behaviour and bioavailability, which in turn contribute to an increase in plant trace metal uptake and accumulation. Microbial activity was associated with an enhanced release of Co and Ni in ultramafic soils of New Caledonia ([@bib4]). [@bib124] showed that bacterial reduction of oxides led to the solubilization of Fe, Mn, Ni and Co and modified soil metal distribution. Trace element mobilization by rhizosphere bacteria and simultaneous promotion of uptake has been observed in experiments with crop plants. Cadmium and lead mobilizing strains enhanced the uptake of these trace elements in tomato ([@bib82]) and a zinc mobilizer promoted Zn accumulation in Ricinus communis ([@bib128]).

[@bib4] detected a positive correlation between microbial activity and bioavailability of trace elements in ultramafic soils. In agreement with this, inoculation of an autoclaved soil with a small portion of the same, non-heated soil, resulted in the release of trace elements ([@bib4]). In addition, the presence of a trace element-tolerant plant as well as the addition of compost stimulated the trace element mobilization process, whereas the pH had a minor effect. [@bib4] suggested that the rhizosphere effect on trace element release is due to the stimulation of chemoorganotrophic microorganisms rather than to the direct effect of root secretions. It was also suggested that plant roots may also partly absorb trace elements. [@bib38] showed that rhizosphere bacteria are necessary to achieve optimum rates of selenium accumulation and volatilization by Indian mustard. In that study, the tested rhizosphere bacteria increased root hair production of Indian mustard and enhanced trace element uptake was observed. However, from the different experiments performed the authors concluded that stimulation of root hair production was not responsible for the enhanced accumulation of Se. A heat-labile compound was shown to enhance Se accumulation in axenic plants, but it was not clear whether it was produced by rhizosphere bacteria or by bacterized roots ([@bib38]). The authors postulated that the heat-labile compound stimulated the selenate transporter in plants.

Numerous authors have shown bacterial-induced trace element mobilization or solubilization of trace element-rich minerals using *in vitro* testing. Trace element-mobilizing metabolites from rhizosphere and endophytic bacteria can increase soil trace element extractability. This mobilization has frequently been attributed to the action of bacterial siderophores or to the release of organic acids ([@bib101]; [@bib1]; [@bib22]). Culture filtrates of rhizobacterial strains isolated from hyperaccumulating subspecies of Alyssum serpyllifolium increased Ni extraction from ultramafic soils. Surprisingly, cell-free cultures of rhizobacteria isolated from the closely related, non-hyperaccumulator (subsp. serpyllifolium) was also able to enhance Ni extractability. Trace element-mobilizing metabolites of various Actinobacteria mobilized soil Zn and/or Cd ([@bib89]). However, in many of these studies there was no clear connection between isolate characteristics (*e.g.* capacity to produce siderophores or organic acids) and their ability to mobilize soil trace metals. For example, several bacterial strains which did not produce siderophores mobilized high amounts of trace elements, probably due the production of other secondary metabolites ([@bib88; @bib89]). Moreover, in some cases siderophore-producers have actually led to a decrease in Zn and Cd ([@bib88; @bib89]), or Ni ([@bib17]), bioavailability. In addition to the potential effect of siderophores it has been suggested that bacterial exopolymers may complex trace elements leading to reduced availability for plants ([@bib42]; [@bib93]).

Several studies have observed an actual increase in soil trace element extractability or re-distribution of soil trace elements pools after bioaugmentation. [@bib21] found an increase in the exchangeable Pb fraction, and simultaneous decrease in the carbonate-bound fraction, after inoculation with *P. aeruginosa* and *Pseudomonas fluorescens*. In a soil bioaugmented with the ectomycorrhizal fungus *Paxillus involutus*, the concentrations of NH~4~NO~3~-extractable Cd, Cu, Pb and Zn were higher than those recorded in the non-bioaugmented soil depending on the soil composition ([@bib15]). Inoculating ultramafic soils with the actinobacterial *Microbacterium arabinogalactanolyticum* [AY509224](ncbi-n:AY509224) increased soil Ni extractability ([@bib1; @bib2]). The authors suggested that the production of siderophores and carboxylic acids, as well as phosphate solubilization, by the bacterial isolates facilitated Ni solubility. The same strain promoted Ni accumulation and yield in *A. murale*, but the success of phytoaugmentation was dependent upon the soil Ni concentration. Inoculating *B. juncea* with the Ni-mobilizing rhizobacteria, *Psychrobacter* sp. SRA1 and *Bacillus cereus* SRA10, led to a significant increase in root and shoot Ni accumulation ([@bib104]). A Zn/Cd-mobilizing, endophytic *Actinobacteria* strain enhanced trace element accumulation in leaves of *Salix caprea* ([@bib89]).

Finally, a few studies can be found in which plant growth and/or trace element accumulation has been improved using combinations of plant-associated microorganisms. In a hydroponic study, a combination of seven As-resistant rhizobacteria (identified as *Pseudomonas* sp., *Comamonas* sp. and *Stenotrophomonas* sp. and tolerating 10 mM arsenate) enhanced plant As uptake in the fronds of the As-hyperaccumulator *Pteris vittata*. Microbial exudation of pyochelin-type siderophores, together with root exudates, solubilized As from the growth media spiked with insoluble FeAsO~4~ and AlAsO~4~ minerals ([@bib57]). In soil-grown plants, inoculation of *Salix caprea* with *Streptomyces* sp. (isolated from a Pb-mining area in Austria) in combination with the fungus *Cadophora finlandica* led to an increase in phytoextraction of Cd and Zn ([@bib40]). Similarly, plant-associated bacteria (*Micrococcus luteus* and *Sphingomonas* sp.) were shown to enhance ectomycorrhiza formation (fungal strain *Hebeloma crustuliniforme*) and growth of *Salix viminalis x caprea*, and consequently total Cd and Zn accumulation in shoot biomass was also increased in these fungal--bacterial inoculant combinations ([@bib177]).

6. Meta-analysis of inoculation experiments {#sec6}
===========================================

We performed a meta-analysis of 73 publications containing 738 individual cases (treatments) to reveal most frequently found effects of inoculation experiments on shoot biomass production, trace element concentration and content in shoots. [Table 1](#tbl1){ref-type="table"} shows the results for different trace elements, whereas [Table 2](#tbl2){ref-type="table"} summarizes the effects of experimental conditions, *i.e.* mode of soil sterilization, initial soil pH, types of microbes used, types of soil contamination, mode of inoculation and source of the inoculants. Both tables summarize cases of significant increases, decreases or no change compared to the non-inoculated controls.

[Table 1](#tbl1){ref-type="table"} shows that for all trace elements except Zn in the majority of cases an increase of shoot biomass was observed due to inoculation. For all investigated cases, 60.3% showed an increased shoot biomass, whereas for 35.3 no significant change was found. Only for 4.3% a decrease in biomass production was observed. In contrast, for the majority of all cases (and also for all individual trace elements) no significant change of trace element concentration in shoots was found (53.2%). Only 30.5% of the investigated cases showed a significant increase of trace element concentration in shoots compared to the non-inoculated control. For 16.3% a decrease of trace element concentration was observed. The results of the meta-analysis suggest that inoculation with microbes increases the shoot biomass concentration more frequently than the shoot trace element concentration. For 18.8% of all cases, an increase of both shoot biomass and shoot trace element concentration was found. These plant-microbe combinations are the most promising regarding the aim to maximize the phytoextraction efficiency. However, these combined positive effects might be restricted to the specific experimental conditions, under which the experiment has been performed.

The effect of several experimental conditions on the outcome of inoculation is shown in [Table 2](#tbl2){ref-type="table"}. The overview shows that increased trace element accumulation was less frequently reported at high soil pH (\>7) compared to lower pH values (\<7). This result is surprising, since the bioavailability of cationic trace elements is lower at high pH values and it might be expected that trace element mobilization activities are more pronounced at higher soil pH. In contrast to trace element concentrations, there is no clear effect of soil pH on the effect of inoculation on biomass production. Regarding the source of the experimental soils, inoculation had the greatest effects on trace element concentration for plants grown and inoculated on geogenically contaminated soils. On the other hand, biomass production was rather low under these conditions. However, only 23 cases were reported, therefore these results are less representative. Most experiments were carried out on either anthropogenically polluted or spiked soils. Interestingly, increased trace element concentration, increased biomass and increased trace element content was more frequently observed on spiked soils compared to polluted soils. Regarding soil sterilization, it is interesting to note that the effect of inoculation is similar for heat-sterilized and non-sterilized soils. Only for γ-sterilized soils the percentage of inoculation trials with increased trace element content and biomass production was clearly lower. Arbuscular mycorrhiza and rhizosphere bacteria were the most frequently inoculated soil microorganisms. The frequency of increased trace element concentrations and biomass production was higher for rhizosphere bacteria. Compared to single strain inoculation, the application of mixed strains did not change the frequency of increased trace element concentrations, but clearly increased the percentage of cases with increased biomass production and trace element content in shoots.

Our meta-analysis merely gives an indication on which effects microbial inoculants might have on trace element uptake and biomass production under trace element polluted conditions. However, data have to be treated with care as experimental conditions were very variable and in most cases microorganisms were already selected, which showed a high potential to have specific, desirable effects. Overall, microorganisms may either increase, decrease or have no effect on trace element accumulation, whereas negative effects on biomass production are rarely observed. Furthermore, endophytes seem to have a high potential to increase trace element accumulation and might be involved in the translocation of trace elements, although these findings are only supported so far by very few reported cases. One major problem related to the observation of no effects due to inoculation lies in the fact that often inoculated microorganisms, particularly when applied under non-sterile conditions, can hardly be traced. Therefore, colonization of the inoculants might have been unsuccessful leading to non-significant results. Furthermore, very little is known, whether strains showing either mobilizing or stabilizing effects have the same type of effects under distinct conditions, *e.g.* when inoculated on different plant genotypes or different soil conditions. In particular, when the production of secondary metabolites such as siderophores or other chelators is involved, the environmental conditions inducing their production have to be considered.

7. Contribution of rhizosphere microbes to soil remediation (or phytoextraction) technologies {#sec7}
=============================================================================================

Bacterial populations associated with plants growing in metalliferous soils and potentially accumulating metals are characterized by a high diversity. These communities might also have important functions in relation to plant growth under these adverse conditions as well as trace element uptake. Plant growth-promoting effects by associated bacteria can greatly improve plant performance and also result in higher amounts of accumulated trace elements. An important role of the microflora associated with metal-accumulating plants seems to be the capacity to mobilize trace elements in soils thereby increasing the bioavailable fraction. However, the involved mechanisms are poorly understood.

On the basis of this review we suggest that specific strains showing good activity and colonization potential will be useful in enhancing phytoextraction applications. In particular, the application of genetically engineered plant-associated microorganisms may be a promising approach in enhancing phytoextraction procedures. However, the performance of these microorganisms under natural conditions has to be investigated in detail. Although these strains are likely to be superior in terms of trace element resistance and mobilization, they might face competition problems similar to promising natural strains. Furthermore, biosafety aspects have to be considered and their release depends on national legislation. Addressing the issue of persistence and competition capacity of inoculant strains, while developing their potential for plant growth promotion, stress resistance and trace element accumulation, represent promising strategies for improving current phytoremediation techniques.

This work was supported by the Austrian Science Foundation (FWF grant no. L561-B17) and by the 7th Framework Program of the European Commission (FP7-KBBE-266124, GREENLAND).
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###### 

Relative changes of trace element concentration in shoots (lines) vs. relative changes of shoot biomass (columns) for individual and for all trace elements.[a](#tbl1fna){ref-type="table-fn"}

  Concentration in shoots         Shoot biomass                 
  ------------------------------- --------------- ------ ------ ------
  **Zinc**                                                      
  Increase                        15.4            15.4   1.71   32.5
  No change                       20.5            33.3   2.56   56.4
  Decrease                        8.55            2.56   0.00   11.1
  Sum                             44.4            51.3   4.27   100
                                                                
  **Lead**                                                      
  Increase                        25.8            1.03   0.00   26.8
  No change                       41.2            19.6   5.15   66.0
  Decrease                        2.06            4.12   1.03   7.22
  Sum                             69.1            24.7   6.19   100
                                                                
  **Nickel**                                                    
  Increase                        20.3            10.5   0.00   30.8
  No change                       31.6            16.5   1.50   49.6
  Decrease                        16.5            2.26   0.75   19.5
  Sum                             68.4            29.3   2.26   100
                                                                
  **Copper**                                                    
  Increase                        8.62            27.6   5.17   41.4
  No change                       36.2            10.3   0.00   46.6
  Decrease                        8.62            3.45   0.00   12.1
  Sum                             53.4            41.4   5.17   100
                                                                
  **Cadmium**                                                   
  Increase                        22.7            10.9   0.78   34.4
  No change                       19.5            23.4   2.34   45.3
  Decrease                        16.4            3.91   0.00   20.3
  Sum                             58.6            38.3   3.13   100
                                                                
  **As concentration in shoot**                                 
  Increase                        13.2            5.66   0.00   18.9
  No change                       22.6            13.2   9.43   45.3
  Decrease                        24.5            11.3   0.00   35.8
  Sum                             60.4            30.2   9.43   100
                                                                
  **All metals**                                                
  Increase                        18.5            11.0   1.00   30.5
  No change                       29.7            20.5   3.00   53.2
  Decrease                        12.2            3.83   0.33   16.3
  Sum                             60.3            35.3   4.33   100

Values in the table indicate the percentage of studies documenting a given observation. Data were obtained from: [@bib1], [@bib2], [@bib3], [@bib5], [@bib6], [@bib7], [@bib8]; [@bib15], [@bib22], [@bib23], [@bib24; @bib25], [@bib29; @bib28; @bib30; @bib31; @bib32; @bib33], [@bib34], [@bib37], [@bib36], [@bib40], [@bib41], [@bib45], [@bib46], [@bib47], [@bib50; @bib51], [@bib56], [@bib55], [@bib71; @bib72], [@bib79], [@bib80], [@bib81], [@bib82], [@bib88; @bib89], [@bib90; @bib91], [@bib95], [@bib99], [@bib100], [@bib104; @bib105; @bib106], [@bib108], [@bib109], [@bib111], [@bib117], [@bib125], [@bib128; @bib129], [@bib127], [@bib132], [@bib136], [@bib138], [@bib145], [@bib146], [@bib147; @bib148; @bib149], [@bib150; @bib151], [@bib153], [@bib155], [@bib156], [@bib163; @bib164; @bib162], [@bib165; @bib166; @bib167], [@bib168], [@bib173], [@bib174], [@bib175], [@bib176].

###### 

Effect of different experimental conditions on relative changes of trace element concentration in shoots, shoot biomass, and trace element content in shoots.[a](#tbl2fna){ref-type="table-fn"}

                                                         Percentage   Trace element concentration   Shoot biomass   Trace element content                                                            
  ------------------------------------------------------ ------------ ----------------------------- --------------- ----------------------- ------ ------ ------ ------ ------- ------ ------ ------ ------
  **Soil pH**                                                                                                                                                                                        
  \<5.0                                                  0.3          50.0                          0.0             50.0                    2      0.00   0.0    100    2       50.0   0.0    50.0   2
  5.0--5.9                                               16.4         5.9                           57.4            36.6                    101    0.00   13.2   86.8   121     33.3   33.3   33.3   3
  6.0--6.9                                               21.0         8.4                           56.6            35.0                    143    1.29   56.1   42.6   155     9.0    47.8   43.3   67
  7.0--7.9                                               33.6         25.0                          48.4            26.6                    188    5.65   27.8   66.5   249     11.0   41.2   47.8   137
  \> 8.0                                                 8.9          22.7                          57.6            19.7                    66     8.00   18.0   74.0   50      20.0   36.7   43.3   30
  Large range of pH values                               3.3          12.5                          79.2            8.3                     24     0.00   14.3   85.7   21      0.0    33.3   66.7   21
  not indicated                                          16.5         16.5                          46.4            37.1                    97     10.3   47.4   42.2   116     22.2   33.3   44.4   27
                                                                                                                                                                                                     
  **Metal source of experimental soil**                                                                                                                                                              
  Uncontaminated                                         16.1         9.9                           66.2            23.9                    71     5.3    40.7   54.0   113     10.0   35.0   55.0   20
  Contaminated (geogenic)                                3.1          13.0                          39.1            47.8                    23     0.0    91.3   8.7    23      n.i.   n.i.   n.i.   0
  Polluted (anthropogenic)                               31.3         13.0                          62.5            24.5                    216    6.4    43.4   50.2   219     13.3   54.7   32.0   128
  Spiked                                                 44.3         22.5                          40.4            37.1                    275    3.7    23.7   72.6   321     13.7   28.2   58.1   117
  Amended (with cont. material)                          5.1          0.0                           83.3            16.7                    36     0.0    2.6    97.4   38      0.0    27.3   72.7   22
                                                                                                                                                                                                     
  **Soil sterilization treatment**                                                                                                                                                                   
  Heat sterilized                                        37.3         14.4                          50.2            35.3                    215    4.0    28.4   67.6   275     8.6    35.5   55.9   93
  γ-radiated + heat sterilized                           0.8          0                             100             0                       6      66.7   33.3   0.0    6       100    0.0    0.0    6
  γ-radiated                                             11.4         42.3                          46.2            11.5                    78     9.5    51.2   39.3   84      20.3   64.4   15.3   59
  No sterilization treatment                             50.5         11.2                          56.5            32.3                    322    2.6    33.2   64.2   349     7.0    34.9   58.1   129
                                                                                                                                                                                                     
  **Taxonomic group of inoculant**                                                                                                                                                                   
  Arbuscular mycorrhizal fungi                           28.5         29.0                          45.0            26.0                    169    8.6    39.0   52.4   210     22.4   38.3   39.3   107
  Ectomycorrhizal fungi                                  3.5          0.0                           88.5            11.5                    26     7.7    30.8   61.5   26      20.0   50.0   30.0   10
  Unspecified mycorrhizol fungi                          1.6          0.0                           41.7            58.3                    12     8.3    25.0   66.7   12      n.i.   n.i.   n.i.   0
  Other fungal organisms                                 1.6          25.0                          66.7            8.3                     12     0.0    91.7   8.3    12      0.0    100    0.0    3
  Arbuscular mycorrhizal fungi + other fungal organism   2.2          0.0                           50.0            50.0                    16     0.0    0.0    100    16      n.i.   n.i.   n.i.   0
  Rhizobacteria                                          53.3         12.3                          57.0            30.7                    342    1.4    34.4   64.2   369     2.4    50.8   46.8   126
  Endophytes                                             1.9          0.0                           0.0             100                     10     0.0    14.3   85.7   14      n.i.   n.i.   n.i.   0
  Co-inoculation of different micr. strains              7.5          17.6                          50.0            32.4                    34     10.9   10.9   78.2   55      18.2   9.1    72.7   33
                                                                                                                                                                                                     
  **Mode of inoculation**                                                                                                                                                                            
  Single strains                                         79.4         17.4                          52.2            30.4                    500    4.4    37.2   58.4   562     13.3   44.5   42.2   211
  Mix of strains                                         20.6         10.7                          58.7            30.6                    121    4.6    19.7   75.7   152     9.2    28.9   61.8   76.0
                                                                                                                                                                                                     
  **Source of inoculant**                                                                                                                                                                            
  Non-polluted soils                                     2.17         0                             56.3            43.8                    16.0   n.i.   n.i.   n.i.   0       n.i.   n.i.   n.i.   0
  Polluted soils                                         71.3         16.4                          53.6            30.0                    450    2.12   30.3   67.6   518     10.2   32.4   57.4   176
  Indigenous from polluted soils                         9.8          12.3                          70.2            17.5                    57.0   12.5   56.9   30.6   72.0    17.3   63.5   19.2   52.0
  Not indicated                                          16.8         19.4                          42.9            37.8                    98.0   9.7    33.1   57.3   124.0   13.6   44.1   42.4   59.0
                                                                                                                                                                                                     
  **All cases**                                          100          16.1                          53.5            30.4                    621    4.48   33.5   62.0   714     12.2   40.4   47.4   287

Values in the table indicate the percentage of studies documenting a given observation. Data were obtained from: [@bib1], [@bib2], [@bib3], [@bib5], [@bib6], [@bib7], [@bib8]; [@bib15], [@bib22], [@bib23], [@bib24; @bib25], [@bib29; @bib28; @bib30; @bib31; @bib32; @bib33], [@bib34], [@bib37], [@bib36], [@bib40], [@bib41], [@bib45], [@bib46], [@bib47], [@bib50; @bib51], [@bib56], [@bib55], [@bib71; @bib72], [@bib79], [@bib80], [@bib81], [@bib82], [@bib88; @bib89], [@bib90; @bib91], [@bib95], [@bib99], [@bib100], [@bib104; @bib105; @bib106], [@bib108], [@bib109], [@bib111], [@bib117], [@bib125], [@bib128; @bib129], [@bib127], [@bib132], [@bib136], [@bib138], [@bib145], [@bib146], [@bib147; @bib148; @bib149], [@bib150; @bib151], [@bib153], [@bib155], [@bib156], [@bib163; @bib164; @bib162], [@bib165; @bib166; @bib167], [@bib168], [@bib173], [@bib174], [@bib175], [@bib176].

Number of studies evaluated.
